Fabrication of Fe nanowires on yittrium-stabilized zirconia single crystal substrates by thermal CVD methods A. Kawahito, 1 T. Yanase, 2 T. Endo, 3 T. Nagahama, 3 and T. Shimada 3,a) Magnetic nanowires (NWs) are promising as material for use in spintronics and as the precursor of permanent magnets because they have unique properties due to their high aspect ratio. The growth of magnetic Fe whiskers was reported in the 1960s, but the diameter was not on a nanoscale level and the growth mechanism was not fully elucidated. In the present paper, we report the almost vertical growth of Fe NWs on a single crystal yttrium-stabilized zirconia (Y 0. 15 3 Si NW solar cells, 4 and ZnO chemical sensors. 5 Fe NWs in this study are expected to have an anisotropic magnetoresistance effect due to their large shape anisotropy. They are also expected for application in spintronic devices and the precursor of permanent magnets.
The template method 6 uses electroplating in an array of nanoholes produced by the anodic oxidization of aluminum. Although this method is straightforward and easy to operate, it has disadvantages such as difficult exfoliation from substrates, the crystallinity of the nanowires and relatively long reaction time. We used Chemical Vapor Deposition (CVD) for the growth of the Fe nanowires because the reaction is fast and useful as a method of fabricating NWs without using templates.
The CVD growth of Fe whiskers has been known since the 1960s. 7 However, the diameter of the whiskers was greater than 1 lm at that time. The factors controlling the diameter and the crystal orientation of the whisker had not been studied using modern nanotechnology. It is unknown whether or not the growth mode is the VS (vapor-solid) mechanism 8, 9 or VLS (vapor-liquid-solid) mechanism. 10 Modern nanowire growth techniques use catalytic nanoparticles, such as Au, 11, 12 and we indeed observed a catalytic effect in the growth of the Fe NWs. 13 On the other hand, many reports have been found in the literature about nanowire formation without catalysts. 14 In this paper, we report the fabrication of Fe NWs without catalysts by the thermal CVD method on the substrates of yttria-stabilized zirconia (YSZ). We also comment on how to control the shapes and growth mechanisms of the Fe NWs.
II. EXPERIMENT
The reaction for the formation of the Fe NWs is considered as follows:
(1) Figure 1 illustrates the equipment used in the present research. The furnace has three temperature-controllable zones which are labelled from upstream zone A, zone B, and zone C. A quartz tube (diameter of 43 mm) was placed in the furnace. FeCl 2 Á4H 2 O (purchased from Kanto Chemical Co., Inc.) was placed in zone B without any purification as the precursor. YSZ (110) substrates were installed in zone C after cleaning in an ultrasonic acetone bath. sublimated by a high temperature in zone B and carried to zone C by the flow of a carrier gas. FeCl 2 was reduced by H 2 according to Eq. (1) and the reduced Fe was grown as NWs on the substrates in zone C. The distance between the FeCl 2 Á4H 2 O and the substrates was approximately 8 cm.
FeCl 2 Á4H 2 O in B zone was annealed at 200 C for 30 min to remove any crystal water prior to the CVD growth. The carrier gas (99.99% N 2 ) was then flowed at the rate of 500 sccm. After removing the H 2 O from the FeCl 2 Á4H 2 O, each zone of the furnace was heated to a preset temperature within 2-3 h. The temperatures of zone A and B were 550 C and 600 C, respectively. The temperature of zone C was from 800 to 1000 C, which will be denoted as the growth temperature of the Fe NWs. After the temperature of each zone reached its preset temperature, the reaction gas (3.9% H 2 þ 96.1% Ar) started to flow at the flow rate of 25 sccm which was maintained for 10-30 min, which is denoted as the growth time. The reaction gas was supplied through the inner 6-mm diameter quartz tube to zone C. This inner quartz tube separated the flow of reaction gas from that of the carrier gas before zone C. This separation prevents the reaction of FeCl 2 with H 2 before reaching the substrate.
After the reaction, the supply of the reaction gas and the heating was stopped and the system was cooled to room temperature by flow of the N 2 carrier gas. We also adopted a two-step growth at different growth temperatures reported for the GaAs NW growth. 15 The temperature was kept high for a short time for the nucleation, and then, the temperature was stepwise decreased and kept at a certain temperature for the growth of the nuclei.
The morphology of Fe NWs was studied by Scanning Electron Microscopy (SEM; JEOL JSM-6500F and JSM-6390LVS). The crystal structure was examined by X-ray diffraction (XRD; Rigaku RINT2200). Magnetization of the sample was measured by a Vibrating Sample Magnetometer (VSM; Riken Denshi BHV-50) at room temperature.
III. RESULTS AND DISCUSSION
Figure 2(a) shows an SEM image of the Fe NWs grown on the YSZ substrates. The NWs were obtained at 850 C for 30 min. From the SEM image of Fig. 2 , it is observed that the Fe NWs grew nearly vertically from the substrates and that they had a characteristic shape at the bottom, i.e., a tapered wall stemming from the base with a narrow neck. These Fe NWs had a diameter and length of approximately 0.3 and 6-10 lm, respectively. The inset of Fig. 2(a) , obtained by a short growth time (5 min), shows a trigonal pyramidal nucleus, which probably makes the base of the NWs have a characteristic shape. Figure 2(b) shows the FE-SEM image of the obtained Fe NWs with a high resolution. From this picture, the shape of the base is clearly observed, which resembles the nuclei shown in the Fig. 2(a) inset. It is also noted that the shape of the top of the NWs are square, suggesting that the growth orientation is [001] .
The temperature range for the NW growth was determined to be 850-900 C for 10-30 min. Neither nucleation nor growth of the NWs was observed at a temperature higher than 900 C. On the other hand, when the reaction occurred below 850 C, nucleation was obtained but Fe was grown as a continuous film, not as NWs.
The Fe NWs in our experiments increased the diameter from the nuclei for a certain length, and then the side walls become parallel. This characteristic tapered shape at the bottom seems to be an important factor to determine the diameter of the NWs. The tapered shape has also been reported for Ge and ZnO, but the taper appears at the top. 16, 17 There are few reports about the NWs with a taper at the bottom. The result of the two-step growth in the present experiment gives an important hint about the formation mechanism of the taper at the bottom. Figure 3(a) shows the SEM image obtained by the twostep growth at 850 C for 10 min and 800 C for 30 min. The rate of the temperature change from a high temperature to a low one was À1.7 C /min. The observed Fe NWs had bottom part and top part diameters of approximately 0.2 and 0.8 lm, respectively, and the length of the taper part was 20-30 lm, which was longer than the taper part in Fig. 2(a) . C/min for both cases.
in Fig. 2(a) . This result indicates that we can control the tapered shape of the NWs by adopting the two-step growth. The factor determining the length and the angle of the taper seems to be attributed to the change in the growth speed of each plane of Fe at different temperatures. In the case of a low temperature, the growth rate in the vertical ([001]) direction is greater than that of the horizontal tapered planes, which results in Fe NWs with a larger taper part (Fig.  3(a) ). On the other hand, at higher temperatures, the horizontal growth rate is greater than that of the vertical growth. Figure 4 shows the result of the XRD measurement after the CVD at with the same conditions as that of Fig. 2(a) . There were two main peaks corresponding to a-Fe (bcc) 110 and 200. The other peaks are from the YSZ substrate. No peaks from compounds, such as FeCl 2 and Fe 2 O 3 , were observed. This indicated that all of the FeCl 2 precursor was reduced by H 2 to the a-Fe single crystal. Since the peak area of 200 at the higher diffraction angle is much larger than that of the 110 peak, the vertically grown Fe NWs are oriented to 001. This result is consistent with the square shape of the basal plane of the vertically grown NWs (Fig. 2(b) ).
Which of VLS and VS mechanisms apply to our NWs is now discussed. In this study, the trigonal pyramidal nuclei were obtained, which means that these nuclei have the possibility to be self-catalysts for the VS mechanism. In the early stage of growth, although Fe grows both vertically and horizontally, their growth speed depends on the conditions of the temperature, resulting in the formation of the tapered shape. The shape of the taper is changed by the temperature. After the diameter of the Fe NW reached a certain value, the horizontal growth stops and a-Fe (100) as the stable planes appeared as the side walls, and only then vertical growth continues. Precisely understanding the transition mechanism is important to control the diameter of the Fe NWs. In order to reduce the diameter of the Fe NWs, for example, the transition from the nucleation to NW growth must occur earlier, and the taper angle must be minimized, both of which will be achieved by optimizing the growth conditions.
Finally, we present the magnetic properties. Figure 5 shows the magnetization curve of the sample with the magnetic field parallel and perpendicular to the substrate surface. The substrate signals, which were almost linear, were separately measured and subtracted from the sample data after normalization, assuming a saturation beyond 7000 Oe. The saturation magnetization was $6 Â 10 À3 emu. The sample size was measured to be 1.7 Â 10 À2 cm 2 . Using the saturation magnetization of bulk Fe (1.7 Â 10 3 emu cm
À3
), 18 the averaged sample thickness was estimated to be 6 Â 10 À3 Â 1.7 Â 10 3 /1.7 Â 10 À2 ¼ 2 Â 10 À5 cm ¼ 200 nm. It is consistent with the SEM images of the Fe NWs, roughly showing a length of 2 lm and a coverage of 10%. The shapes of the curves with different magnetic field directions are similar, showing very little anisotropy. This does not agree with the shape of the NWs, but it might be due to multiplealignment of the NWs, partial oxidization of the NWs, and existence of bulk Fe films at the periphery of the sample as an impurity.
IV. CONCLUSIONS
In this study, we fabricated Fe NWs by thermal CVD methods on YSZ (110) substrates. The path of reaction gas was separated from that of the career gas, which enabled the precise control of the supply of the flux of the raw material without any undesirable reaction. The top of the obtained Fe NWs was square showing Fe [001] growth orientation. There were taper shapes at the bottom, which stemmed from a trigonal pyramidal nucleus. We adopted a two-step growth method to accurately control their shape. As a result, the shape of the taper was dramatically changed by the temperature. The change in the taper shape seemed to be attributed to the difference in the horizontal and vertical growth rate of each plane of the Fe NWs depending on the growth temperature. Magnetization was qualitatively consistent with the amount of NWs.
